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Abstract
An Innovative Semi-submersible platform Optimization Program (ISOP) has been developed to solve the multi-
objective optimization problem for semi-submersible platforms (SEMI). Three types of SEMIs, including semi-
submersible oating production unit (SEMI FPU), heave and vortex induced motion (VIM) suppressed semi-
submersible (HVS) and semi-submersible oating drilling unit (SEMI FDU) are selected for case studies. The
hydrodynamic performances of three types of semi-submersible platforms are analyzed by using panel method
and Morison's equation. In order to improve the computing eciency, the hydrodynamic performances for
dierent hull forms during optimization process are estimated by the surrogate models, which are built by
articial neural network prediction method and Inverse Multi-Quadric (IMQ) radial basis function (RBF). The
accuracy of surrogate models is ensured by performing leave-one-out cross validation (LOOCV). The most
probable maximum (MPM) heave motion and total weight, representing the safety and economy, respectively,
are chosen as the two objectives for optimization. The transverse metacentric height, the MPM surge motion,
and the most probable minimum (MPMin) airgap are selected as constraints. Based on surrogate models,
multi-objective particle swarm optimization (MOPSO) is employed to search for the Pareto-optimal solutions.
A Computational Fluid Dynamics (CFD) tool is adopted to validate the proposed model for the prediction of
the motion responses. By comparing the obtained Pareto-optimal solutions with the initial design using simple
panel method plus Morison's equation, it is conrmed that the MPM heave motions for SEMI FPU, HVS and
SEMI FDU can be suppressed by up to 12.68%, 11.92%, and 14.96%, respectively, and the total weights can
be reduced by up to 12.16%, 13.00%, and 24.91%, respectively. Through the detailed analyses of optimization
results, the most ecient design strategies for semi-submersible platforms are discussed and proposed.
1. Introduction
Over the past decades, oating production platforms, including Floating Production Storage and Ooad-
ing (FPSO), Semi-submersible platform (SEMI), Tension Leg Platform (TLP) and Spar, are widely applied for
marine engineering (API RP 2SK, 2005). Comparing to the other concepts, SEMI not only has the advantage
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of large deck space, but also can adapt to a wide range of water depth. Moreover, SEMI can be fabricated
in a number of shipyards worldwide and be integrated with the topside in a yard instead of performing in-
stallation and integration oshore. Therefore, SEMI becomes increasingly popular for oil/gas exploration and
oshore wind energy extraction. However, in order to achieve better global motion performance and reduce the
fabrication cost, it is critical to optimize the hull form.
The traditional design process of platform can usually be categorized into three phases: conceptual design,
basic design and detailed design. During the conceptual design phase, the form of columns and pontoons,
as well as the arrangement of wellhead and production riser are usually determined based on the functional
requirements of the platform. Once the conceptual design is completed, the general layout of the platform can
be determined, which will be followed by basic design with more detailed analyses to seek the best hydrodynamic
performances with the most economical solution. In engineering practice, this type of hull sizing is an iterative
process, which is so-called `design spiral' (API RP 2T, 1997).
In order to search for oshore oating structures with excellent hydrodynamic performances, many research-
es have been carried out on the optimization for platform. Akagi et al. (1984) developed a computer-aided design
method to seek the optimal semi-submersible hull form, in which generalized reduced gradient algorithm (GR-
GA) was employed. In the study, the geometrical shape of semi-submersible was simplied as several cylinders,
and the potential ow theory was applied to evaluate the hydrodynamic performances. Nishimoto and Leite
(1993) investigated the eects of `Dog-bone' concept and blisters on semi-submersible for the reduction of heave
motion. Clauss and Birk (1994) and Lee et al. (2007) conrmed that the lateral keels on pontoons and the
blisters on columns for SEMI can reduce the heave motion. Clauss and Birk (1996) adopted nonlinear pro-
gramming approach (NLP) to seek the optimal solutions of three dierent types of platforms, including gravity
base structure (GBS), TLP, and SEMI. Vannucci (1996) simplied the structure of a traditional TLP platform
into a single-column platform to reduce the design variables. A square heave plate was added to the bottom of
the single cylinder as equivalent damping of the oating tank, while a square plate with weight was added to
the top of the single cylinder for equivalent mass of superstructures. The optimal TLP with minimum weight
was obtained, which satised the stability and motion constraints. Cermelli et al. (2004) proposed to use heave
plates to reduce the wave-induced heave response for a minimal oating oshore platform.
Xu (2011) proposed a HVS semi-submersible concept, which redistributes displacement in pontoons and
the base of columns, so that both the heave motion and VIM were reduced. Williams (2012) took heave motion
as the objective function to optimize the hull and the mooring system in deep water. The stability of the towing,
installation and operation, and the airgap in the extreme survival condition were considered as the constraints.
Park et al. (2015) took heave motion response and total steel weight as objectives to optimize a SEMI FPU. As
constraints, the transverse metacentric height was larger than 8 m, and the minimum airgap was set to 2 m. The
nal Pareto solutions were obtained by assigning weights for dierent objectives. Kim and Jang (2016) adopted
Simulated Annealing (SA) to perform multi-objective optimization on a TLP. The two objectives were heave
motion and weight of the platform. The constraints were the maximum surge, airgap, the minimum tension
at bottom part and the maximum fatigue damage. The maximum fatigue damage for 25 years was less than
0.1. Sugita and Suzuki (2016) adopted Genetic Algorithm (GA) and Simulated Annealing (SA) algorithm to
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optimize a TLP. In the study, the objective functions were hull weight and tendon weight, and the constraints
were the transverse metacentric height and airgap. Zhang et al. (2017) performed an extensive parametric study
for a typical SEMI FPU, providing a benchmark for the future automated hull form optimization. They found
that when the draft of platform increases, the MPM heave motion reduces. However, when the column width,
pontoon width, or pontoon height gradually decreases, the MPM heave motion also reduces. More recently,
Zhang et al. (2018) applied Non-dominated Sorting Genetic Algorithm II (NSGAII) to nd the Pareto-optimal
solutions for a TLP. In that study, hull draft, column spacing, column diameter, and pontoon size were selected
as design variables with the maximum dynamic tension and total weight being the two objectives.
The principal focus of this paper is to adopt MOPSO to search for the optimal hull congurations for three
types of SEMIs to achieve better global motion performances and economy. In order to improve the computing
eciency, the surrogate models are employed to estimate the hydrodynamic performances for dierent hull
forms, instead of the direct numerical simulations. Pareto-optimal solutions have been achieved by using
MOPSO, instead of converting to a single-objective optimization problem by using weighted functions. These
computational results have been validated by comparing against the direct numerical simulations. The hull
sizing strategy will be discussed based on the optimization results.
2. Mathematical formulation
In the present study, three-dimensional potential ow theory is adopted to compute the wave loads acting
on large-scale structural components. Morison's equation is applied to compute the viscous drag force. Based on
the design of experiment (DOE) theories, a set of sample points with dierent design variables can be assigned
(Anderson and Whitcomb, 1970). Through the model generation and mass estimation modules, the transverse
metacentric height, hydrodynamic performances, airgap and total structural weight of the platform have been
obtained. Surrogate models can be built based on the obtained results of the sample points. In order to ensure
the accuracy of predictions, the leave-one-out cross validation (LOOCV) is employed to nd formal parameters
for radial basis function (RBF). These surrogate models and MOPSO are combined to search for the optimization
solutions rapidly. The heave motion and total structural weight are selected as objective functions with three
constraints including surge motion, airgap and transverse metacentric height. The transverse metacentric height
is equal to the longitudinal metacentric height for SEMI FPU and HVS semi-submersible, while the transverse
metacentric height is less than the longitudinal metacentric height for SEMI FDU. Therefore, the transverse
metacentric height is selected as constraint in the present study. Finally, Pareto-optimal solutions have been
obtained and validated by comparing to the direct numerical simulations. The owchart of the overall process
is illustrated in Figure 1.
2.1. Hydrodynamic computational model
2.1.1. Panel method
In frame of potential ow theory, it is assumed that the uid is inviscid and incompressible, and the uid
motion is irrotational, so that panel method can be adopted to compute the wave loads. It is assumed that the
amplitudes of wave and motion of body are small compared with the cross section of body. The uid eld and
coordination systems are illustrated in Figure 2.
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Figure 1: Flowchart of overall optimization process. Yellow module: an initial design obtained from conceptual design phase; Green
modules: construction of surrogate models; Gray modules: numerical simulations for hydrodynamic estimation; Blue modules:
iterative optimization process.
Figure 2: The uid eld and coordination systems. (Two coordinate systems are employed: the x system is xed to the mean
position of the oating body, and the x0 system is xed to the moving hull. The x-axis points to the direction of platform east and
the z-axis points upward. The origin of the coordinate system is located at the intersection of the symmetry axis of the platform
and the calm water surface.)
The velocity potential  should satisfy Laplace equation. In addition, boundary conditions including
linearized free-surface boundary condition, seabed boundary condition, body boundary condition and far-eld
radiation condition should be satised.
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where V is the hull velocity; n is the normal vector of the hull surface; r is the distance to the center of the
hull; k is the wavenumber; ! is the wave frequency; g is gravity acceleration. The mean wetted surface of the
platform is discretized into a number of at panels, assuming that the source strength on each panel is constant.
The governing equation and boundary conditions are employed to solve the source strengths of all the panels.
Based on the obtained source strengths, the velocity potentials and hydrodynamic pressure in the hull can be
computed. The wave exciting force on the platform can be evaluated by integrating the hydrodynamic pressure
over the mean wetted hull surface.
2.1.2. Morison's model
The hydrodynamic force on slender structures should not be neglected, and can be evaluated by using
Morison's equation. The forces acting on slender structures include inertia force and drag force, which are
associated with the uid acceleration and velocity, respectively. Morison's equation is written as
F = VM (1 + Ca) _v +
1
2
CDvjvj (6)
where the rst term and the second term on the right side denote the inertia force and drag force, respectively;
 is the water density; VM is displaced volume of a slender element; v and _v are the horizontal undisturbed uid
velocity and acceleration, respectively;  is the projected area of the element; The added mass Ca and drag
force coecients CD are usually determined by calibration with the model test results. In this present study,
Morison's equation is only used for drag force, as the inertia forces are computed by using the panel model.
2.1.3. Mass estimation
The total weight is divided into four elements, including topside weight, hull steel weight, the weight of
ballast water, and remaining weight. The topside weight is kept constant. The hull steel weight, computed by
cubic modulus method, is proportional to the hull surface area of SEMI. The remaining element is assumed as
constant, and consists of the design margin, fresh water, fuel, and marine load. The total weight is estimated
by
WTotal =WTopside +WSteel +WBallast +WRemain (7)
where WTotal denotes total weight; WTopside denotes topside weight; WSteel denotes hull steel weight; WBallast
denotes the weight of ballast water.
2.1.4. Equations of motion
Through three-dimensional potential ow theory and Morison's equation, added mass, damping coecient
and the wave exciting force can be obtained. By assuming the platform is a rigid body, the equations of motion
can be solved in frequency domain
[ !2(M+A(!)) + i!(Bp(!) +Bv) +C+Ce](!; ) = F(!; ) (8)
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Table 1: Wave parameters for survival sea condition
Condition Hs(m) Tp(s)  a b
Survival 15.8 15.4 2.4 0.07 0.09
where (!; ) = (1; 2; 3; 4; 5; 6) denotes the displacement of rigid body due to incident wave with frequency
being ! and wave heading being . The six degrees freedom motion includes translational modes (!; ) =
(1; 2; 3) and rotational modes (!; ) = (4; 5; 6); A(!) and Bp(!) are the added mass and radiation
damping matrices, respectively, which are computed by using panel method; M represents the mass/inertia
matrix; Bv denotes the linearized viscous damping matrix, which can be obtained by Morison's model; C is the
hydrostatic restoring matrix; Ce is the external restoring matrix induced by mooring system; F(!; ) denotes
the rst-order wave exciting force.
By solving the equations of motion in frequency domain, the transfer function and phase angle of the motion
response in regular waves can be obtained. In the present study, the survival sea state is choosen for analyses,
where 100-year hurricane wave condition in central Gulf of Mexico is adopted. This wave condition can be
modeled by JONSWAP spectrum, in which the parameters are listed in Table 1. According to the principle of
linear superposition, the motion response in irregular waves can be obtained by
Sr(!; ) = jH(!; )j2Sw(!) (9)
where  is the wave heading; H denotes the response amplitude operator (RAO). Based on the Rayleigh
distribution, the most probable maximum (MPM) response can be computed by
Rmax =
s
2m0ln
t
T2

(10)
where Rmax represents the MPM response in t; m0 denotes the zero moment of the response spectrum; t is the
time duration and T2 is the zero-upcrossing period of the response spectrum.
2.1.5. Airgap Computations
Airgap should be evaluated to prevent wave slamming, which may cause structural damage. The airgap
due to wave frequency motion and wave runup can be computed by
AG = AGstatic  Welevation + (3   5x+ 4y) (11)
where AG represents the airgap; AGstatic is the static airgap in calm water, which can be measured from calm
water surface to the bottom of the deck. Welevation represents the wave elevation. 3, 4 and 5 denote the
heave, roll and pitch, respectively. The term (3   5x + 4y) is the vertical combined motion at (x; y). The
distribution of probes for estimating the wave elevations on the still water surface z = 0 and the location of the
minimum airgap have been studied by Zhang et al. (2017), and the distribution of wave probes for estimating
airgap is illustrated in Figure 3. The MPMin airgap occurs near the northeast column. In the optimization
process, the scaled location corresponding to the smallest airgap relative to the column are almost the same. It
is because the model shapes are almost the same and the variation in principal dimensions is not signicant.
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Figure 3: The sketch of the probes (red circles) for estimating the airgap. The blue star symbol represents the probe, which is 2 m
away from the northeast column. This probe is used for airgap analysis in optimization section.
2.2. Design of experiments
Design of experiments (DOE), originating from crop cultivation, can reduce test times and get the sample
information. The design variables are called factors. There are a number of levels for a factor. At present,
the methods for DOE include full factorial design, orthogonal experiment design, and homogeneous design of
experiment. It is necessary to apply the most appropriate experimental design strategy. The full factorial design
is adopted in the present paper, since it considers dierent possible combinations of levels across all factors.
Numerical simulations are performed to compute the hydrodynamic performances for each sample point
with a specic hull conguration, including the transverse metacentric height, the MPM heave motion, the
MPM surge motion, and the MPMin airgap. Meanwhile, the weight of hull is obtained by a mass estimation
model.
2.3. Surrogate model
The surrogate model, also called as response surface model or approximation model, represents the nonlinear
relationship between design variables and their corresponding responses in complex engineering problems by
building simple mathematical relationships. In general, numerical simulation is usually required to predict
response for a specic design. However, its limitation lies in its complex computations and long computing
time. Multi-objective optimization generally requires hundreds or even thousands of iterations to obtain the
optimization results. Therefore, it is inecient to achieve the multi-objective optimization by direct numerical
simulations for each varied hull form. Since surrogate model usually relies on simple mathematical models,
it can be adopted for rapid prediction of the response for a given design and the computing eciency can be
improved signicantly (Audet et al., 2000). Some representative sample points are required for building the
surrogate model, which are selected according to DOE. After computing the corresponding response for the
selected sample points, the mathematical form can be established for the surrogate model. There are a number
of forms for surrogate model, including Response Surface (RS) model, Kriging model, Support Vector Machine
(SVM) and Radial Basis Function (RBF). In the present study, RBF is adopted for the surrogate models.
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2.3.1. Radial basis function
The RBF can t nonlinear function and has excellent generalization ability. At present, the generalized
RBF neural network has been widely used in the eld of data tting. Buhmann (2009) presented a general
discussion of RBF. Zhang et al. (2010) applied the RBF model on seakeeping problem. Generalized RBF neural
network is generally categorized into three layers, as illustrated in Figure 4. The squares in the gure represent
the input layer. The main function of the input layer is to compute the Euclidean distances between the sample
points and the prediction points. The big circles in the gure represent the hidden layer. The function of
the hidden layer is to map the input of low-dimensional space to a high-dimensional space through nonlinear
function. It is equivalent to nding a surface that best ts training data in an implicit high-dimensional space.
The third layer is the output layer, which can get the target output data according to dierent inputs. The
transformation from input space to hidden layer space is nonlinear, while the transformation from hidden layer
space to output layer space is linear. This overall mapping process can be written as
Figure 4: Sketch of RBF surrogate model. Design variables: [x1, x2,...,xQ]; objective values: [y1,...,yQ]; radial basis functions:
[g1,..., gi,...,gQ]; weights: [w1,...,wi,...,wQ]. Squares: input layer; big circle nodes: hidden layer; small circle nodes: output layer.
gj(x) = g(kx  xjk); j = 1; :::; Q (12)
yi =
QX
j=1
wjgj(xi) (13)
where x is the vector of interpolation points; xj is the vector of the jth sample points; Q denotes the number of
sample points. The approximating function yi is represented as a sum of Q radial basis functions gj(xi), each
associated with dierent center positions xj , and weighted by an appropriate coecient wj .
Gaussian, Cubic, Inverse Multi-Quadric (IMQ) and Multi-Quadric (MQ) are the commonly used RBFs.
Since IMQ RBF has been widely used in engineering, and a lot of valuable engineering experience can be referred
to, we apply IMQ radial basis function, which can be written as
gj(x) =
1q
kx  xjk2 + b2
(14)
where b is formal parameter. The value of formal parameter b should be chosen properly, since it has signicant
impact on the accuracy of the surrogate model. As one of the most widely used approaches, the LOOCV is
adopted to nd the best formal parameters b in the present paper. This process is shown in Figure 5.
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Figure 5: The ow chart of the leave-one-out cross validation.
2.4. Multi-objective optimization
Multi-objective optimization has been applied in many elds, where optimal decisions need to be taken in
the presence of trade-os between two or more conicting objectives. For example, designers often search for
design parameters to improve product quality while reducing the costs.
In general, there are two methods to solve multi-objective optimization problems. The rst one is indirect
method. That is to say, multiple objectives of the problem are transformed into a new objective function through
the allocation of weight coecients, so that the single objective optimization method can be used to solve the
problem. The other method is to directly solve the multi-objective optimization problem and the objective
functions remain unchanged in the optimization process. Since the objective functions conict with each other
in most scenarios, a number of Pareto-optimal solutions can be obtained by optimization. These Pareto-optimal
solutions are also called non-dominated solutions or non-inferior solutions, which means none of the objective
functions can be improved without degrading the other objectives. From dierent viewpoints and goals, various
results may be obtained for the multi-objective optimization. These results may be a representative set of
Pareto optimal solutions.
2.4.1. Multi-Objective Particle Swarm Optimization
Particle swarm optimization (PSO) is a kind of evolutionary technology based on swarm intelligence that
simulates social behavior. Its key idea is built on the collaboration and information sharing between the
individuals in the group (Eberhart and Kennedy, 1995). Particle is attracted toward the location of the current
global best position Xgbest and its own best position Xpbest (Yang, 2010).
The basic rules of the PSO algorithm can be explained in three main stages. First, the tness value of each
particle is evaluated. Then, by comparing each particle tness value with the current particle and the overall
particles, the local best position Xpbest and the global best position Xgbest are detected. Finally, the velocity
and the position of each particle are updated. The owchart of the algorithm is illustrated in Figure 6.
Reyes-Sierra and Coello Coello (2006) proposed Multi-Objective Particle Swarm Optimization (MOPSO).
Just like PSO, particles in MOPSO share information and move towards their own personal (local) best memory
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Figure 6: The description of the principle for Particle Swarm Optimization (PSO).
and global best particles. However, unlike PSO, there are more than one criterion to determine the local or global
best particle. The concepts of non-dominated sorting are introduced into MOPSO. All of the non-dominated
particles in the swarm are gathered into a sub-swarm called repository. A leader of particles is selected in
repository. Particle in less crowded regions has more chance to be selected as a leader (Santana et al., 2009).
2.4.2. Objectives and constraints for optimization
Usually, the methods to handle the constraints include rejecting infeasible solutions, penalty function
methods, and various correction algorithms. Penalty function method is the most classic and convenient method
to deal with the constraints. The idea of the penalty function method is to combine the objective function with
the constraints to form a new objective function. In the present study, penalty function method is adopted and
can be written as
min f(x) = [f1; f2; :::; fm] (15)
x = [x1; x2; :::; xn] (16)
s:t: gi(x) > 0; i = 1; :::; k (17)
hj(x) = 0; j = 1; :::; l (18)
where the function f is the m-dimensional multi-objective function. x denotes design variable with an n-
dimensional array. The gi and hj represent the ith inequality constraint and jth equation constraint, respec-
tively. Constraints can be expressed as penalty functions, which can be written as
P (x) =
kX
i=1
max[0; gi(x)]2 +
lX
j=1
jhj(x)j2 (19)
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when x fails to satisfy one of the constraints, the penalty function will be a positive value. In this way, the
constrained optimization problem transforms the objective functions as
min F (x; ) = f(x) + P (x) (20)
where  is penalty factor dened as a very large positive number. In the optimization, if one of the constraints
is not fullled, the second term on the right side of Eqn.(20) will be very large, which means the solution will
be excluded.
In the present study, the MPM heave motion and the total weight of the platform are selected as the two
objectives. The MPM heave and total structural weight represent the safety and cost, respectively. The hull
forms should be optimized for higher safety and lower cost. Three constraints are the transverse metacentric
height, the MPM surge motion and the MPMin airgap.
3. Case studies
Detailed analyses and computations have been performed for three types of SEMIs including FPU, HVS
and FDU.
3.1. Semi-submersible oating production unit
The sketch of SEMI FPU is illustrated in Figure 7. The denition of the incident wave heading is shown
Figure 7: The sketch of SEMI FPU. CW: column width; CS: column spacing; PW: pontoon width; PH: pontoon height; CP: width
of cakepiece; CCR: column corner radius.
in Figure 8, where a plan view of the platform is presented. The main particulars of the initial design are listed
in Table 2.
3.1.1. Surrogate model
In the present study, full factorial design is adopted. The upper and lower bounds of dierent factors,
and level steps of all factors are listed in Table 3. Once the level number is determined, the level step can be
computed by
Level step = (Upper bound  Lower bound)=(Level number  1) (21)
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Figure 8: Denition of incident wave heading  (plan view) and index of the four columns. NW Col: northwest column; NE Col:
northeast column; SW Col: southwest column; SE Col: southeast column.
Table 2: Main particulars of the initial SEMI FPU
Description Unit Symbol Value
Length m L 94.72
Draft m Draft 31.0
Freeboard m FB 20.0
Number of columns / / 4
Column width m CW 21.76
Column length m CL 21.76
Column spacing (center to center) m CS 72.96
Column corner radius m CCR 5.045
Pontoon width m PW 21.76
Pontoon height m PH 10.88
Pontoon corner radius m PCR 1.28
Width of cakepiece m CP 5.12
Displacement metric ton  108,031
Transverse metacentric height m GMT 6.0
Longitudinal metacentric height m GML 6.0
Table 3: Full factorial design for SEMI FPU.
Factors Lower bound Initial Upper bound Level number Level step
Draft 27.9 m 31 m 34.1 m 5 1.55 m
Column spacing 65.664 m 72.96 m 80.256 m 5 3.648 m
Column width 19.584 m 21.76 m 23.936 m 3 2.176 m
Pontoon hight 9.792 m 10.88 m 11.968 m 3 1.088 m
Width of cakepiece 4.608 m 5.12 m 5.632 m 3 0.512 m
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Based on the permutation and combination theory of the factors with dierent levels, totally 52 33 = 675
sample points are selected for the surrogate models. In order to ensure the accuracy of the surrogate models,
the LOOCV is adopted to nd the best formal parameters b. The average errors of the surrogate models with
dierent formal parameters are illustrated in Figure 9.
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Figure 9: The average errors of RBF models by LOOCV with respect to the formal parameter for SEMI FPU. (a) The MPM heave
motion; (b) The MPM surge motion; (c) The MPMin airgap; (d) Transverse metacentric height. JONSWAP spectrum Hs = 15.8
m; Tp = 15.4 sec; peak enhancement factor  = 2:4.
Figure 9 shows that the best formal parameters b of RBF models are 3, 3, 3 and 7 for heave, surge, airgap,
and transverse metacentric height, respectively. As shown in Figure 10, the surrogate models with specic
parameters are validated by comparing with the direct numerical simulations. After determining the formal
parameters of dierent RBF models, the MPM heave motion response, the MPM surge motion response, the
MPMin airgap, and transverse metacentric height can be rapidly estimated by using the surrogate models.
In order to get the correlations between the single design variable of hull sizing and the MPM heave motion
response, the variation tendencies of the MPM heave motion response are obtained by varying single design
variable while the others are kept unchanged. As illustrated in Figure 11, when the draft increases, the MPM
heave motion will reduce. However, when the column spacing, column width, pontoon height, or width of
cakepiece gradually decreases, the MPM heave motion will reduce.
3.1.2. Pareto-optimal solutions
MOPSO is employed for the optimization, in which the population size and maximum generation are both
set to 100. Finally, non-dominated 30 Pareto-optimal solutions are obtained. The Pareto-optimal solutions are
ranked with the increase of heave motion, as listed in Table 4. The MPM heave motion and total weight can
be reduced by up to 12.68% and 12.16%, respectively. The results of the optimization are shown in Figure 12.
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Figure 10: Comparison of the surrogate models with specic parameters and the direct numerical simulations. (a) The MPM heave
motion (b=3); (b) The MPM surge motion (b=3); (c) The MPMin airgap (b=3); (d) Transverse metacentric height (b=7).
The rhombus symbol in the plot represents the two objective values for the initial hull design. Through the
vertical and horizontal axes passing the initial point, the plot is divided into four regions. In the present study,
the 29 Pareto-optimal solutions, which are located in bottom left region, are better than the initial design in
terms of both objectives. Only 1 Pareto-optimal solution is worse than the initial design in MPM heave motion.
The MPM heave motion of this hull form is increased by 1.16%, but its total weight is reduced by 12.16%.
As shown in Figure 13, by comparing the results of surrogate models with the direct numerical simulations, it
is found that the maximum relative error is less than 2%, which further conrms the accuracy of the present
surrogate model. Moreover, the MPM surge motion, the MPMin airgap, and the transverse metacentric height
for the 30 Pareto-optimal solutions are all computed, and illustrated in Figure 14. As shown, the obtained 30
Pareto-optimal solutions fulll the constraints.
According to the 30 Pareto-optimal solutions obtained by optimization, the variation tendencies of ve
design variables are illustrated in Figure 15. The x-axis represents the sequence number of the Pareto-optimal
solution, and the y-axis represents the design variables. As the sequence number of Pareto-optimal solutions
increases, the total weight decreases while the MPM heave motion increases. As shown in Figure 15 (a),
increasing draft can help reduce the heave motion but increase the total weight. The eect of draft on MPM
heave motion is consistent with the previous analyses shown in Figure 11 (a). The column spacing values
are around the upper bound among 30 Pareto-optimal solutions, and the column width declines from 21 m
to 20 m, which can be observed in Figures 15 (b) and (c). The pontoon heights and cakepiece widths of
the 30 Pareto-optimal solutions are illustrated in Figures 15 (d) and (e), respectively. The pontoon height
values are around the lower bound, and the widths of cakepiece rise from 4.6 m to 5.2 m. In order to validate
the optimization results, heave RAO of the initial SEMI FPU and case No.11 Pareto-optimal solutions are
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Figure 11: The correlations between the single design variable and the MPM heave motion response. (a) Draft; (b) Column spacing;
(c) Column width; (d) Pontoon height; (e) Width of cakepiece; (f) Column spacing and Pontoon height.
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Figure 12: 30 Pareto-optimal solutions for SEMI FPU obtained by MOPSO based on the RBF model and compared with the direct
numerical simulations.
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Figure 13: The relative error for SEMI FPU between the predictions using surrogate models and direct numerical simulations.
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Figure 14: The constraint values of 30 Pareto-optimal solutions for SEMI FPU. (a) The MPM surge motion should be less than
7.5 m; (b) The MPMin airgap should be greater than 6.5 m; (c) Transverse metacentric height should be larger than 6.5 m.
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Table 4: The Pareto-optimal solutions for SEMI FPU obtained by utilizing MOPSO.
Draft CS CW PH CP HeaveMPM Percentage Weight Percentage
Unit m m m m m m % 104 ton %
Initial 31.000 72.960 21.760 10.880 5.120 6.305 0.000 10.803 0.000
1 34.100 77.193 20.888 9.792 4.643 5.506 -12.677 10.614 -1.746
2 34.100 78.717 20.583 9.808 4.773 5.515 -12.531 10.530 -2.531
3 34.100 78.933 20.524 9.839 4.880 5.527 -12.347 10.522 -2.603
4 33.987 79.111 20.470 9.792 4.794 5.537 -12.187 10.454 -3.230
5 33.819 78.797 20.533 9.792 4.889 5.561 -11.800 10.448 -3.288
6 33.351 78.797 20.424 9.792 4.844 5.641 -10.529 10.293 -4.725
7 33.397 79.336 20.319 9.792 4.934 5.646 -10.454 10.271 -4.922
8 33.353 79.686 20.267 9.792 4.872 5.665 -10.155 10.255 -5.076
9 33.150 78.737 20.411 9.792 4.922 5.679 -9.934 10.248 -5.143
10 33.175 79.583 20.236 9.833 4.926 5.703 -9.550 10.218 -5.419
11 33.198 80.197 20.107 9.857 4.848 5.732 -9.085 10.190 -5.675
12 32.810 78.797 20.374 9.817 4.849 5.746 -8.868 10.183 -5.741
13 32.534 79.563 20.193 9.822 4.932 5.818 -7.717 10.079 -6.706
14 32.261 78.345 20.405 9.798 4.940 5.842 -7.349 10.071 -6.773
15 32.338 79.477 20.189 9.792 4.999 5.847 -7.269 10.024 -7.214
16 32.277 79.578 20.152 9.792 4.981 5.861 -7.047 9.997 -7.463
17 32.098 79.743 20.091 9.804 4.969 5.902 -6.398 9.946 -7.937
18 31.659 79.631 20.064 9.792 5.054 5.976 -5.221 9.845 -8.864
19 31.669 80.087 19.995 9.795 5.120 5.995 -4.913 9.840 -8.918
20 31.291 79.567 20.106 9.807 5.071 6.045 -4.130 9.819 -9.114
21 31.226 79.229 20.146 9.792 5.095 6.045 -4.122 9.801 -9.275
22 31.161 79.878 20.013 9.792 5.056 6.075 -3.652 9.753 -9.723
23 31.014 79.694 20.018 9.820 5.112 6.102 -3.217 9.734 -9.900
24 31.038 80.073 19.910 9.793 5.055 6.105 -3.175 9.681 -10.387
25 30.726 79.965 19.974 9.792 5.114 6.159 -2.310 9.668 -10.507
26 30.657 79.690 20.015 9.792 5.097 6.162 -2.274 9.662 -10.564
27 30.291 79.345 20.026 9.822 5.105 6.228 -1.225 9.599 -11.143
28 30.199 79.319 20.010 9.792 5.124 6.238 -1.059 9.558 -11.521
29 30.044 79.559 19.923 9.814 5.141 6.278 -0.423 9.508 -11.989
30 29.543 79.779 20.003 9.792 5.163 6.378 1.163 9.489 -12.160
compared and illustrated in Figure 16. The wave spectrum of the survival condition is also plotted in Figure 16.
As presented, most of the wave energy concentrates around 15.4 s, where the hump of heave RAO for optimal
solution is smaller than the initial design. The CFD tool STAR-CCM+ is also adopted to evaluate the heave
motion of the platforms, where VOF method and k-" turbulence model are applied. The total number of mesh
cells is around 2 million. As shown in Figure 16, the CFD simulations for the initial and optimal designs have
been carried out at the same incoming wave periods around the hump region. Results of the proposed model
by combining panel method and Morison's equation agree well with CFD simulations for wave periods smaller
than 24 sec. Since the heave RAOs for wave period being larger than 24 sec have negligible eects on heave
MPM (for a JONSWAP wave spectrum with Tp being around 15 sec), the accuracy of the panel method and
Morison's equation is acceptable. As shown in Figure 16, the results obtained from panel method and Morison's
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Figure 15: The variation of ve design variables with respect to 30 Pareto-optimal solutions for SEMI FPU. (a) Draft; (b) Column
spacing; (c) Column width; (d) Pontoon height; (e) Width of cakepiece; (f) Non-dimensional draft and width of cakepiece.
equation are in the same trend with those obtained by using CFD tool for both initial and Case No.11 optimal
designs, so that the panel method and Morison's equation can be used for building the surrogate model.
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Figure 16: Heave RAOs of one optimal design and the initial SEMI FPU design. JONSWAP spectrum Hs = 15.8 m; Tp = 15.4
sec; peak enhancement factor  = 2:4. A is the amplitude of incident wave. L is the characteristic length of the SEMI.
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Based on the multi-objective optimization for the SEMI FPU, it is found that when the draft of platform
increases, the MPM heave motion will reduce. However, when the column spacing, column width, pontoon
height, or width of cakepiece gradually decreases, the MPM heave motion will reduce. From the 30 Pareto-
optimal solutions, it can be observed that the MPM heave motion and total weight can be reduced by 12.68%
and 12.16% at most, respectively. Increasing draft and column spacing should be considered as a priority in
order to ensure safety. It is suggested that the column spacing should be retained around the upper bound of
the design. Moreover, the pontoon height and column width should be sized as small as possible to achieve
better motion and less weight.
3.2. Heave and VIM Suppressed Semi-submersible
Recently, HVS semi-submersible has been developed as a new concept, which could be used for wet-tree
or dry-tree application. The lower part of each column has been wrapped by a blister, which redistributes
displacement of pontoons and the base of the columns. Due to this arrangement, the heave motion and VIM
may be suppressed (Kyoung et al., 2015). Because of the blisters attached to the columns, the coherence of
vortex shedding can be broken (Xu, 2011). The eective column excitation length is computed by
The eective column excitation length = Column draft  Blister height (22)
Since the draft ranges from 27.9 m to 34.1 m and the blister height is 12 m during the optimization process, the
eective column excitation length is between 15.9 m and 22.1 m. Due to the blisters attached to the columns,
the eective column excitation length is reduced by about 40%. Thus, this semi-submersible experiences much
less or no VIM. The sketch of a typical HVS semi-submersible is illustrated in Figure 17. The main particulars
Figure 17: Denition of the main particulars of the base HVS semi-submersible. CW: column width; CS: column spacing; CP:
width of cakepiece; CCR: column corner radius; PCR: pontoon corner radius; BW: blister width. [Xu (2011)]
of the initial design are listed in Table 5. The contour of airgaps for HVS semi-submersible in long-crested
irregular waves is shown in Figure 18. As shown, the MPMin airgap is 2.53 m and occurs at the point (23.4 m,
36.48 m, 0 m), which is located at the left side of NE column in wave heading  = 0.
3.2.1. Surrogate model
The upper and lower bounds of dierent factors, and level steps of all factors are listed in Table 6. Totally
36 = 729 sample points are selected for the surrogate models.
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Table 5: Main particulars of the initial HVS semi-submersible
Description Unit Symbol Value
Length m L 93
Draft m Draft 31.0
Freeboard m FB 20.0
Number of columns / / 4
Column width m CW 20
Column length m CL 20
Column spacing (center to center) m CS 73
Column corner radius m CCR 4
Pontoon width m PW 20
Pontoon height m PH 12
Pontoon corner radius m PCR 1.28
Width of cakepiece m CP 8
Blister width m BW 7.5
Blister corner radius m BCR 4
Displacement metric ton  122,030
Transverse metacentric height m GMT 6.5
Longitudinal metacentric height m GML 6.5
Figure 18: Contour of airgap for HVS semi-submersible in long-crested irregular waves, Hs = 15.8 m; Tp = 15.4 s; peak enhancement
factor  = 2:4. (a)  = 0; (b)  = 15; (c)  = 30; (d)  = 45.
The prediction errors with dierent formal parameters b are evaluated and shown in Figure 19. The best
formal parameters b of surrogate models are 4, 4, 3 and 6 for predicting heave, surge, transverse metacentric
20
Table 6: Full factorial design for HVS semi-submersible.
Factors Lower bound Initial Upper bound Level number Level step
Draft 27.9 m 31 m 34.1 m 3 3.1 m
Column spacing 65.7 m 73 m 80.3 m 3 7.3 m
Pontoon height 10.8 m 12 m 13.2 m 3 1.2 m
Cakepiece width 6.4 m 8 m 9.6 m 3 1.6 m
Column corner radius 2.8 m 4 m 5.2 m 3 1.2 m
Blister width 5.25 m 7.5 m 9.75 m 3 2.25 m
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Figure 19: The average errors of RBF predictions by LOOCV with respect to the formal parameter for HVS semi-submersible.
(a) The MPM heave motion; (b) The MPM surge motion; (c) The MPMin airgap; (d) Transverse metacentric height. JONSWAP
spectrum with Hs = 15.8 m; Tp = 15.4 s; peak enhancement factor  = 2:4.
height and airgap, respectively. The correlations between the single design variable of hull forms and the MPM
heave motion response are illustrated in Figure 20. It can be observed when the draft or blister width increases,
the MPM heave motion will decrease. However, when either the width of cakepiece, column corner radius or
pontoon height decreases, the MPM heave motion reduces. The variation tendencies of the objectives with
respect to the design variables near the Pareto-optimal solutions are also computed. It can be found that the
variation tendencies of Pareto-optimal solutions agree well with the variation tendencies of initial design.
3.2.2. Pareto-optimal solutions
The Pareto-optimal solutions are ranked with the increase of heave motion, as listed in Table 7. The MPM
heave motion and total weight can be reduced by 11.92% and 13.00% at most, respectively. The results of
the optimization are shown in Figure 21. As presented, 28 Pareto-optimal solutions are found to be better
than the initial design in terms of both objectives. Only 2 Pareto-optimal solutions are worse than the initial
21
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Figure 20: The correlations between the single design variable and the MPM heave motion response. (a) Draft; (b) Column spacing;
(c) Width of cakepiece; (d) Column corner radius; (e) Pontoon height; (f) Blister width.
design in MPM heave motion. The MPM heave motions of these hull forms are increased by 0.20% and 1.07%,
respectively, but their total weights are greatly reduced by 12.59% and 13.00%, respectively.
By comparing the results of surrogate models with the direct numerical simulations, it is found that
the maximum relative error is less than 0.5%, which further conrms the accuracy of the surrogate models.
Moreover, the MPM surge motion, the MPMin airgap, and the transverse metacentric height are all computed
for the 30 Pareto-optimal solutions, which fulll the constraints.
According to the 30 Pareto-optimal solutions obtained by optimization, the variation tendencies of six
design variables are illustrated in Figure 22. 30 Pareto-optimal solutions are sorted in descending order of the
total weight. As shown in Figures 22 (a) and (f), the drafts of the rst 8 Pareto-optimal solutions are around 34
m, while the drafts of the latter 22 Pareto-optimal solutions are gradually reduced. However, it can be observed
that the blister widths of the rst 8 Pareto-optimal solutions are gradually reduced, while the blister widths of
the latter 22 Pareto-optimal solutions are kept around 5.35 m. The eects of draft and blister width on MPM
heave motion are consistent with the previous analyses shown in Figures 20 (a) and (f), which conrms that
increasing draft or blister width can help reduce the heave motion but increase the total weight. As shown in
Figures 20 (b) and (c), the column spacings of rst 14 Pareto-optimal solutions are gradually reduced, while
the column spacings of the latter 16 Pareto-optimal solutions are remained around 71.8 m. The pontoon height
22
Table 7: The Pareto-optimal solutions for HVS semi-submersible obtained by utilizing MOPSO.
Draft CS PH CP CCR BW HeaveMPM Percentage Weight Percentage
Unit m m m m m m m % 104 ton %
Initial 31.000 73.000 12.000 8.000 4.000 7.500 6.353 0.000 11.954 0.000
1 34.079 76.099 10.833 7.020 3.449 7.111 5.596 -11.918 11.948 -0.054
2 34.079 75.439 10.832 7.020 3.505 6.947 5.600 -11.848 11.851 -0.864
3 34.079 75.614 10.833 7.015 3.479 6.731 5.603 -11.812 11.822 -1.104
4 34.078 75.429 10.832 7.009 3.573 6.522 5.607 -11.737 11.756 -1.658
5 34.068 75.524 10.833 7.006 3.551 6.035 5.616 -11.605 11.663 -2.433
6 34.078 74.717 10.831 6.995 3.672 5.812 5.616 -11.599 11.539 -3.472
7 34.072 74.645 10.838 6.982 3.692 5.658 5.620 -11.532 11.503 -3.774
8 34.069 74.035 10.826 6.974 4.023 5.428 5.623 -11.488 11.375 -4.841
9 33.890 73.778 10.817 6.984 4.008 5.379 5.646 -11.122 11.311 -5.382
10 33.797 73.574 10.822 6.984 4.291 5.381 5.667 -10.798 11.264 -5.772
11 33.681 73.324 10.821 6.984 4.189 5.418 5.677 -10.642 11.237 -5.999
12 33.570 72.921 10.814 6.984 4.303 5.401 5.688 -10.467 11.170 -6.562
13 33.377 72.360 10.814 6.966 4.305 5.353 5.704 -10.210 11.079 -7.318
14 33.196 71.841 10.814 6.965 4.275 5.353 5.717 -10.015 11.007 -7.926
15 32.922 71.769 10.814 6.975 4.262 5.356 5.761 -9.322 10.959 -8.327
16 32.703 71.917 10.813 6.964 4.244 5.348 5.803 -8.661 10.936 -8.513
17 32.404 71.891 10.813 6.965 4.263 5.344 5.855 -7.836 10.885 -8.944
18 31.872 71.775 10.814 6.962 4.268 5.354 5.947 -6.385 10.793 -9.716
19 31.663 71.796 10.814 6.961 4.270 5.353 5.986 -5.772 10.761 -9.977
20 31.426 71.830 10.812 6.943 4.273 5.344 6.031 -5.075 10.723 -10.294
21 31.242 71.788 10.813 6.951 4.275 5.347 6.064 -4.543 10.692 -10.553
22 30.964 71.887 10.814 6.951 4.264 5.343 6.119 -3.676 10.657 -10.848
23 30.687 71.902 10.814 6.951 4.294 5.345 6.174 -2.824 10.614 -11.212
24 30.627 71.831 10.812 6.952 4.296 5.351 6.183 -2.680 10.598 -11.342
25 30.466 71.814 10.813 6.957 4.281 5.345 6.214 -2.195 10.572 -11.564
26 30.249 72.066 10.814 6.968 4.303 5.355 6.263 -1.420 10.561 -11.651
27 29.967 71.824 10.813 6.946 4.280 5.346 6.310 -0.675 10.494 -12.216
28 29.796 71.973 10.814 6.946 4.304 5.337 6.348 -0.074 10.478 -12.348
29 29.686 71.837 10.813 6.945 4.274 5.341 6.365 0.196 10.450 -12.583
30 29.404 71.808 10.812 6.941 4.296 5.336 6.421 1.067 10.400 -12.999
values are around the lower bound among 30 Pareto-optimal solutions. This suggests decreasing pontoon height
can not only reduce the MPM heave motion but also lead to reduction of total structural weight. This is
consistent with the solutions by surrogate models shown in Figure 20 (e). The cakepiece widths and column
corner radii of 30 Pareto-optimal solutions are illustrated in Figures 22 (d) and (e), respectively. The values of
cakepiece width are about 6.95 m. The column corner radii of the rst 13 Pareto-optimal solutions are gradually
increased, while the latter 17 Pareto-optimal solutions remain around 4.27 m.
Based on the multi-objective optimization for the HVS semi-submersible, it is found that when the draft or
blister width increases, the MPM heave motion decreases. However, as the width of cakepiece, column corner
radius or pontoon height decreases, the MPM heave motion will reduce. From the 30 Pareto-optimal solutions,
it can be observed that the MPM heave motion and total weight can be reduced by 11.92% and 13.00% at
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Figure 21: 30 Pareto-optimal solutions for HVS semi-submersible obtained by MOPSO based on RBF model and compared with
direct numerical simulations.
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Figure 22: The variation of six design variables with respect to 30 Pareto-optimal solutions. (a) Draft; (b) Column spacing; (c)
Pontoon height; (d) Width of cakepiece; (e) Column corner radius; (f) Blister width.
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most, respectively. Increasing draft should be considered as a priority, and then increasing the blister width
and column spacing. In addition, the lower bound value of pontoon height should be retained for lower total
weight. This is the most ecient design strategy for reducing the MPM heave motion.
3.3. Semi-submersible oating drilling unit.
The sketch of SEMI FDU is illustrated in Figure 23. The denition of the incident wave heading is
Figure 23: Denition of the main particulars of the base SEMI FDU. CW: column width; PW: pontoon width; PH: pontoon height;
L: length overall; B: breadth overall.
illustrated in Figure 24. The main particulars of the initial design are listed in Table 8. The contour of airgaps
Figure 24: Denition of incident wave heading  (plan view) and index of four columns. NW Col: northwest column; NE Col:
northeast column; SW Col: southwest column; SE Col: southeast column.
for SEMI FDU in long-crested irregular waves is shown in Figure 25. As shown, the MPMin airgap is 2.69 m
and occurs at the point (29.4 m, 28.3 m, 0 m), which is located at the down side of NE column in wave heading
 = 90.
3.3.1. Surrogate model
Totally 36 = 729 sample points are selected for the surrogate models. The upper and lower bounds of
dierent factors, and level steps of all factors are listed in Table 9. The LOOCV is adopted to nd the best
25
Table 8: Main particulars of the initial SEMI FDU
Description Unit Symbol Value
Length overall m LOP 114.4
Breadth overall m B 97
Column length m CL 18.2
Column width m CW 16.25
Column corner radius m CCR 5.045
Column spacing m CS 59.8
Pontoon width m PW 16.25
Pontoon height m PH 10.4
Freeboard m FB 20
Draft m Draft 23.15
Displacement metric  53,400
Transverse metacentric height m GMT 3
Longitudinal metacentric height m GML 8
Figure 25: Contour of airgaps for SEMI FDU in long-crested irregular waves, Hs = 15.8 m; Tp = 15.4 sec; peak enhancement factor
 = 2:4. (a)  = 0; (b)  = 22:5; (c)  = 45; (d)  = 90.
formal parameters b to improve the accuracy of the surrogate models.
As shown in Figure 26, the surrogate models with specic parameters are validated by comparing with the
direct numerical simulations. As can be observed in Figure 27, when the draft of platform increases, the MPM
heave motion reduces. In addition, as the pontoon width or column width decreases, the MPM heave motion
will reduce. As the pontoon height increases, the MPM heave motion slightly increases. Moreover, both the
26
Table 9: Full factorial design for SEMI FDU.
Factors Lower bound Initial Upper bound Level number Level step
Draft 20.835 m 23.15 m 25.465 m 3 2.315 m
Column width 16.38 m 18.2 m 20.02 m 3 1.82 m
Pontoon height 9.36 m 10.4 m 11.44 m 3 1.04 m
Length 102.96 m 114.4 m 125.84 m 3 11.44 m
Breadth 87.3 m 97 m 106.7 m 3 9.7 m
Pontoon width 14.625 m 16.25 m 17.875 m 3 1.625 m
length and breadth of platform have optimal values. When the length and breadth of platform reaches 121 m
and 104 m, respectively, the minimum MPM heave motion can be achieved.
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Figure 26: Comparison of the surrogate models with specic parameters and the direct numerical simulations. (a) The MPM heave
motion (b=5); (b) The MPM surge motion (b=4); (c) The MPMin airgap (b=3); (d) Transverse metacentric height (b=8).
3.3.2. Pareto-optimal solutions
As listed in Table 10, the Pareto-optimal solutions are ranked with the increase of heave motion. It can
be observed that the MPM heave motion and total weight can be reduced by 14.96% and 24.91% at most,
respectively.
The results of the optimization are shown in Figure 28. As shown, 29 Pareto-optimal solutions are better
than the initial design in terms of both objectives. Only 1 Pareto-optimal solution is worse than the initial
design in MPM heave motion. As shown, the MPM heave motion of this hull form is increased by 0.05%, but
its total weight is greatly reduced by 24.91%.
By comparing the results of surrogate models with the direct numerical simulations, it is found that the
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Figure 27: The correlations between the single design variable and the MPM heave motion response. (a) Draft; (b) Pontoon width;
(c) Column width; (d) Pontoon height; (e) Length overall; (f) Breadth overall.
maximum relative error is less than 1%, which further conrms the accuracy of the surrogate models. Moreover,
the MPM surge motion, the MPMin airgap, and the transverse metacentric height are all computed for the 30
Pareto-optimal solutions, which fulll the constraints.
As shown in Figure 29 (a), the drafts of 30 Pareto-optimal solutions gradually reduce. The eect of draft
on MPM heave motion is consistent with the previous analyses illustrated in Figure 27 (a), which indicates that
increasing draft can help reduce the heave motion, but the total weight will increase. As presented in Figures
29 (b) and (d), the pontoon heights and widths of the rst 15 Pareto-optimal solutions are gradually reduced,
while the pontoon heights and widths of the latter 15 Pareto-optimal solutions are the lower bound value. This
means that properly decreasing the pontoon size is benecial to the MPM heave motion and total weight of
the platform. As shown in Figure 29 (c), as the sequence number of Pareto-optimal solutions increases, the
column width slightly increases from 17.4 m to 17.9 m. This suggests increasing column width can not only
increase the MPM heave motion but also increase the total weight, which is consistent with the predictions
by surrogate models, as illustrated in Figure 27 (c). Figures 29 (d) and (e) show that the values of length
overall are approximate to the lower bound value, and the values of breadth overall are approximate to the
upper bound value. In order to validate the optimization results, heave RAOs of the initial design and case
28
3 3.5 4 4.5 5 5.5 6 6.5
3.5
4
4.5
5
5.5
6
6.5
7
7.5
Figure 28: 30 Pareto-optimal solutions for SEMI FDU obtained by MOPSO based on RBF model and compared with direct
numerical simulations.
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Figure 29: The variation of six design variables with respect to 30 Pareto-optimal solutions. (a) Draft; (b) Pontoon width; (c)
Column width; (d) Pontoon height; (e) Length; (f) Breadth.
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Table 10: The Pareto-optimal solutions for SEMI FDU obtained by utilizing MOPSO.
Draft CW PH L B PW HeaveMPM Percentage Weight Percentage
Unit m m m m m m m % 104 ton %
Initial 23.150 18.200 10.400 114.400 97.000 16.250 4.066 0.000 5.340 0.000
1 25.405 17.413 10.325 105.197 105.315 15.667 3.458 -14.963 4.997 -6.416
2 25.358 17.404 10.181 105.360 105.096 15.599 3.459 -14.928 4.941 -7.459
3 25.370 17.413 9.977 105.412 105.317 15.431 3.463 -14.826 4.843 -9.294
4 25.309 17.400 9.793 105.693 105.145 15.333 3.466 -14.753 4.771 -10.649
5 25.344 17.427 9.750 105.553 105.122 15.269 3.475 -14.544 4.742 -11.184
6 25.234 17.428 9.665 105.735 105.039 15.209 3.482 -14.370 4.699 -12.004
7 25.328 17.447 9.646 105.242 105.170 15.069 3.488 -14.218 4.646 -12.994
8 25.244 17.485 9.605 105.259 105.178 15.054 3.509 -13.707 4.628 -13.324
9 24.865 17.472 9.636 105.031 105.262 15.119 3.532 -13.143 4.610 -13.666
10 24.939 17.470 9.501 105.129 104.428 14.964 3.534 -13.087 4.541 -14.952
11 24.872 17.587 9.543 105.148 104.707 14.780 3.560 -12.436 4.497 -15.774
12 24.747 17.587 9.516 105.148 104.707 14.780 3.570 -12.194 4.479 -16.113
13 24.508 17.654 9.559 105.024 104.891 14.767 3.605 -11.337 4.463 -16.410
14 24.111 17.606 9.487 105.143 104.950 14.843 3.618 -11.030 4.432 -17.001
15 24.079 17.658 9.473 104.976 104.608 14.756 3.644 -10.390 4.399 -17.623
16 23.977 17.659 9.434 104.959 104.475 14.692 3.653 -10.160 4.360 -18.343
17 23.242 17.680 9.450 104.825 104.472 14.720 3.706 -8.866 4.298 -19.499
18 22.624 17.733 9.443 104.928 104.606 14.700 3.753 -7.707 4.237 -20.640
19 22.456 17.735 9.427 104.912 104.661 14.697 3.764 -7.416 4.216 -21.034
20 22.371 17.753 9.426 104.898 104.716 14.682 3.775 -7.164 4.204 -21.261
21 22.519 17.735 9.449 104.072 104.105 14.669 3.806 -6.384 4.195 -21.432
22 22.111 17.720 9.454 104.139 104.323 14.724 3.818 -6.090 4.173 -21.842
23 21.671 17.791 9.456 104.509 103.758 14.670 3.866 -4.916 4.131 -22.642
24 21.537 17.735 9.429 103.983 104.070 14.667 3.875 -4.695 4.092 -23.367
25 21.121 17.817 9.381 104.649 104.531 14.689 3.898 -4.137 4.072 -23.741
26 20.997 17.795 9.440 104.490 103.260 14.669 3.942 -3.040 4.060 -23.957
27 20.985 17.837 9.429 103.969 103.412 14.653 3.976 -2.210 4.041 -24.324
28 20.914 17.771 9.419 103.827 102.666 14.652 4.001 -1.600 4.022 -24.666
29 20.959 17.803 9.364 103.618 103.045 14.662 4.011 -1.350 4.015 -24.809
30 20.877 17.889 9.362 103.636 102.494 14.651 4.068 0.053 4.010 -24.909
No.11 Pareto-optimal solutions are compared and illustrated in Figure 30. As shown in Figure 30, the CFD
simulations for the initial and optimal designs have been carried out at the same incoming wave periods. The
results obtained from panel method and Morison's equation are in the same trend with those obtained by using
CFD tool for both initial and Case No.11 optimal designs, so that the panel method and Morison's equation
can be used for building the surrogate model.
Based on the multi-objective optimization for the SEMI FDU, it is found that when the draft of column
increases, the MPM heave motion reduces. However, as the pontoon width or column width decreases, the
MPM heave motion will reduce. As the pontoon height increases, the MPM heave motion slightly increases.
In addition, the length and breadth of platform have optimal values. When the length of platform is 121
m, the minimum MPM heave motion can be reached. Similarly, when the breadth of platform is 104 m, the
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Figure 30: Heave motion RAOs of one optimal design and the initial SEMI FDU design. JONSWAP spectrum Hs = 15.8 m; Tp
= 15.4 sec; peak enhancement factor  = 2:4. A is the amplitude of incident wave. L is the characteristic length of the SEMI.
minimum MPM heave motion can be achieved. From the 30 Pareto-optimal solutions, it shows that the MPM
heave motion and total weight can be reduced by 14.96% and 24.91% at most, respectively. In order to obtain
the optimized hull sizing, increasing draft should be considered as a priority to ensure safety, and properly
decreasing the pontoon size is benecial to the MPM heave motion and total weight of the platform.
4. Conclusions
In the present study, three types of semi-submersible platforms are analyzed and optimized. In order to
improve the computing eciency, the hydrodynamic performances for dierent hull forms during optimization
process are estimated by the surrogate models, which are built by articial neural network prediction method
and IMQ radial basis function. In addition, MOPSO is employed to search for the Pareto-optimal solutions. The
variations of design variables with respect to Pareto-optimal solutions for SEMI have been illustrated. The heave
RAOs obtained from panel method and Morison's equation are in the same trend with those obtained by using
CFD tool for both initial and Case No.11 optimal designs, so that the panel method and Morison's equation
can be used for building the surrogate model. A computational program, called Innovative Semi-submersible
platform Optimization Program (ISOP), has been developed to solve the multi-objective optimization problem.
The objective functions include the MPM heave motion and the total structural weight of the platform, with
three constraints being the transverse metacentric height, the MPM surge motion and the MPMin airgap.
In summary, the correlations between the single design variable and the MPM heave motion response have
been identied. Among the design variables, the eect of draft on optimization results is the most signicant.
Based on the surrogate models and MOPSO, Pareto-optimal solutions can be obtained rapidly and most of the
optimized hull forms are better than the initial design in terms of MPM heave motion and structural weight.
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